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ABSTRACT Our previous kinetic study of the acid and base-induced folding/unfolding transitions of staphylococcal nuclease
(SNase) has monitored Trp-140 fluorescence. Trp-140 is located near the flexible COOH terminus and whether or not its
fluorescence reflects the overall conformation of the protein has yet to be established. Here we show that the fluorescence
intensity of Try-140 correlated closely with the thermal stability (i.e., the calorimetric enthalpy, AHcal, of unfolding) of the protein
in the pH range 7 to 2.5, confirming that it is a good measure of the overall protein structure. Circular dichroism (CD) at 222
nm, which reflects the helical content of the protein molecule, was used to follow the same folding/unfolding transition in order
to compare kinetics of the helix formation and of the appearance of the hydrophobic core. In addition to the three kinetic phases
reported earlier with the fluorescence detection, there were a rapid reaction (completed within the 25 ms mixing time of the
instrument), which comprised 15% of the signal, and a very slow reaction (time constant > 300 s), which comprised 19% of the
signal. With the fluorescence detection for the folding from acid, only 5% of the signal occurred in the rapid phase and there
was no reaction slower than 300 s. By comparing kinetics of folding at pH 7 by the CD and fluorescence detection methods,
we concluded that: (a) Roughly 15% of the helix content of SNase accumulated before significant changes in the hydrophobic
environment (<5%) of Trp-140 could be detected. The rapid appearance of CD signal reminiscent of helix formation within 25
ms would be consistent with the framework model of protein folding. Note, however, that, 15% of the 22% helix content of the
protein amounts to an equivalent of fewer than 5 amino acid residues. (b) For the time-resolved signal between 2 ms and 300
s, kinetics measured by both properties are consistent with the sequential model, D4 = D3 = D2 = D1 = No (the four Ds are
the four substates of the denatured protein and No is the native state). The major folding step by both signals is the D1 to No
transition, which gave approximately a 50% change in fluorescence and CD and had a time constant of 160 ms at 250C, pH
7.0. (c) The slow phase with the CD signal (>300 s), which is insensitive to Trp-140 fluorescence, has been assigned to be the
cis/trans isomerization of Pro-117 by other studies. (d) Kinetics in the unfolding direction are consistent with the above inter-
pretation.
INTRODUCTION
To understand the mechanisms of protein folding, it is crucial
to characterize early intermediates in the chain-folding pro-
cess. Does the secondary structure of a protein, especially
helices, forms before the growth of the hydrophobic core, as
was postulated by the framework model (Kim and Baldwin,
1982; Kim and Baldwim, 1990; Roder et al., 1988; Udga-
onkar and Baldwin, 1988), or do the hydrophobic residues
collapse to form a compact unfolded state (Dill, 1990; Kane-
hisa and Tsong, 1978, 1980), or a molten globule (Dolgikh
et al., 1984; Kuwajima, 1989), on which the secondary struc-
ture grows, as was postulated by the hydrophobic collapse
model? Both models have proponents and detractors, and
there is experimental evidence from nuclear magnetic reso-
nance (NMR) studies that supports either models (Neri et al.,
1992; Roder et al., 1988; Udgaonkar and Baldwin, 1988).
Other studies have considered long range electrostatic in-
teractions to be an important determinant in the chain con-
densation process, and there is experimental evidence that
supports this concept (Perry et al., 1989; Sharp and Honig,
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1990). Our previous study of kinetics of the acid and base
induced folding/unfolding of Staphylococcal nuclease
(SNase) has found that the acid and base-denatured protein
is a mixture of three unfolded species, D1, D2, and D3,
whereas the native protein at neutral pH is composed of a
single species, No (Chen et al., 1991, 1992a,b). The kinetics
were monitored by the fluorescence intensity of Trp-140,
which reflects the hydrophobic environment of the trypto-
phan. Our result was in conflict with the NMR studies that
have shown that the native state is a mixture of three species,
two monomers N and N* at low protein concentration, and
an additional dimer N" at higher protein concentrations
(Alexandrescu et al., 1989; Evans et al., 1987; Evans et al.,
1989; Fox et al., 1986). The unfolded state is shown to be
composed of two isomers, U and U*, in slow equilibrium
(Evans et al., 1987; Evans et al., 1989; Fox et al., 1986). The
circular dichroism (CD) stopped-flow studies of folding from
the urea-unfolded SNase have detected complex kinetics (fi-
nal urea concentration 0.4 M), one of which (30% of the
signal) was completed within the 15-ms mixing time of their
instrument, and another was in the 500-s time range (Ku-
wajima et al., 1991; Sugawara et al., 1991). These CD kinetic
studies were for the urea-induced folding/unfolding and can-
not be compared with our previous studies of the acid-
induced folding/unfolding with the fluorescence detection.
Furthermore, since Trp-140 is located near the flexible
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COOH-terminus of the protein, questions have been raised
whether or not its fluorescence is an adequate reflection of
the overall conformation of the protein. In this communi-
cation, we show first that the intensity of Trp-140 fluores-
cence correlates with the overall stability of SNase as meas-
ured by DSC and, second, that kinetics of the time-resolved
acid-induced folding/unfolding transition of SNase by the
CD detection are significantly different from our early re-
sults, the main one being that a reaction much slower than
300 s was detected with the CD signal. This comparison
allowed us to gain some insight on the nature of the early
intermediates in the folding from acid.
kcal/mol and zero. Fig. 1 A shows three typical DSC runs,
curve 1 at pH 7.0, curve 2 at pH 3.6 and curve 3 at pH 3.0.
Fig. 1, B shows that the changes in the Trp-140 fluorescence
intensity upon acidic unfolding of SNase paralleled changes
in the protein thermal stability, or the AHcal of unfolding, in
the pH range 7.0 to 2.5.
Equilibrium unfolding of helices and hydrophobic
core
The CD of SNase at pH 7.0, 250C indicates that the native
state has 22% helix, 38% 3-sheet, 7.7% turn, and 32.4%
MATERIALS AND METHODS
SNase was purified according to the procedure of Shortle and Meeker
(1986). Escherichia coli AR120 carrying the plasmid pL9 containing the
nuclease gene was provided by Dr. David Shortle of the Johns Hopkins
University School of Medicine. The E. coli was grown in a 120-1 fermentor.
After protein purification, the purity of SNase was checked by SDS/page
with Coomassie blue stain and was judged to be greater than 98%. Protein
concentration was determined using the optical density at 280 nm, 0.93 at
1 mg/ml (Chen et al., 1991, 1992a,b). SNase aggregates at concentration
above 70 ,uM (Chen et al., 1992a). All our experiments were done with a
starting concentration of less than 70 p,M. Differential scanning micro-
calorimetry (DSC) was performed with an MC2 microcalorimeter by Mi-
croCal. A scanning rate of 1°C/min was used (Chen et al., 1991; Privalov,
1979; Privalov and Gill, 1988). Analysis of DSC data has been described
elsewhere (Chen et al., 1991; Tsong et al., 1970). All DSC and kinetic
experiments were done in the presence of 0.1 M NaCl, 50 mM potassium
phosphate, 50 mM sodium acetate, 50 mM glycine, and 20 ,uM EDTA, at
250C.
CD measurements of equilibrium unfolding were performed with a Jasco
Model 700 spectropolarimeter. Acid-induced unfolding at different tem-
peratures was done in order to obtain the number of protons absorbed upon
unfolding. CD Kinetics were done with the stopped-flow attachment of the
Jasco, which has a nominal dead time of 25 ms. Each kinetic record is an
average of 10 measurements. As was explained in detail elsewhere, the time
resolved signal from 25 ms to 5 s was fit into two relaxation processes, and
that from 5 to 300 s was fit into one. A time constant of a signal slower than
300 s was not resolved because of the instability of the signal beyond 15
min, due to slow drifts of baseline. Both the amplitudes of signals faster than
25 ms and those slower than 300 s were obtained from the equilibrium
values. Deconvolution of a kinetic record was done as described previously.
The uncertainty for kinetic constants is ± 15% and for amplitudes is ±5%.
For fluorescence detection, the equilibrium unfolding was measured with an
Aminco-Bowman spectrofluorometer and kinetics were measured with a
Hi-Tech Model PQ/SF-53 stopped-flow apparatus, as was described in de-
tails elsewhere (Chen et al., 1991, 1992a,b).
RESULTS
Trp-140 fluorescence intensity correlates with
protein stability
SNase unfolds at acidic pH and refolds at neutral pH, with
a midpoint of transition at pH 3.8 (Chen et al., 1991,
1992a,b). The fluorescence intensity of the acid or base-
denatured protein is approximately 20% that of the native
SNase at pH 7.0. Thermal denaturation with DSC was used
to measured the stability of the protein at different pH values.
The enthalpy of denaturation, AHcal, was 85.4 kcal/mol at pH
7.0, as was reported in the literature, but it diminished to zero
at pH 3.0. At pH between 7 and 3, AHcal fell between 85.4
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FIGURE 1 (A) Differential scanning microcalorimetry of staphylococcal
nuclease at different pHs. DSC was performed with a MC2 microcalorimeter
by Micro Cal (Amherst, MA), with digital data acquisition capability. Pro-
tein concentrations of 1.00 mg/ml were used. The scanning rate was 1°C/
min. The buffer contained 0.1 M NaCl, 0.05 M phosphate, 0.05 M acetate,
0.05 M glycine, and 20 ,iM EDTA. Standard data analysis of Privalov was
used to extract AHal of thermal unfolding.(B) Comparison of Trp-140 fluo-
rescence intensity (25°C) with the thermal stability of SNase. The fluores-
cence intensity ofTrp-140 (0) is scaled to compare with the AHcai of thermal
unfolding (A) in the pH range 7.5 to 2.5. For the fluorescence measurement,
the protein concentration was 8 AM. The excitation wavelength was 285 nm
and the emission at 335 nm was monitored. In the ordinate, unity means 85.4
kcal/mol and zero means 0 kcal/mol for aH. The fluorescence intensity
of SNase at pH 2.5 is about 18% that of the protein at pH 7.0 (Chen et al.,
1991).
B
I I
E X
Chen and Tsong 41
1
Volume 66 January 1994
random coil (Chen et al., 1991). At pH below 3, the helical
content of the protein diminishes, although the CD at this pH
resembles that of a protein where 50% is 13-sheet. At 25°C,
the equilibrium acid titration curves by both CD and fluo-
rescence detection exhibit a sharp transition at pH 3.8, sug-
gesting that protonation of certain titratable groups, such as
glutamic acids, aspartic acids, or histidines, destabilizes the
protein (Fig. 2,A and B). A series of equilibrium pH titration
curves, such as those shown in Fig. 2, were obtained at dif-
ferent temperatures and the Henderson-Haselbalch plot for
each titration curve was then constructed to obtain the num-
ber of protons absorbed upon unfolding at a specified tem-
perature. The results are given in the insets of Fig. 2, A and
B. Both CD data and fluorescence data agree within experi-
mental uncertainty in terms of the numbers of protons ab-
sorbed upon unfolding at different temperatures. At 25°C,
the unfolding of SNase leads to the absorption of an average
of 2.5 protons. This number decreased steadily to less than
one above 50°C. These proton absorption curves do not show
a sharp transition around 53.3°C, which is the melting tem-
perature of SNase (Tm) measured by differential scanning
calorimetry (Fig. 1). The changes in the CD at 222 nm reflect
melting of the helix (Fig. 2A) whereas the changes in Trp-
140 fluorescence presumably reflect melting of the hydro-
phobic core (Fig. 2 B).
Kinetics of the formation/melting of helices
Fig. 3 A gives a typical CD stopped-flow kinetic record of
the folding from pH 3.0 to 7.0 in the time range 5 to 300 s.
The solid curve writing through the signal is the fitted curve
for a single exponential decay. Signal that occurred faster
than 5 s and slower than 25 ms is shown in curve 2, Fig. 3
B. Curve 1 of Fig. 3 B is the equilibrium position of signal
at pH 3.0 and was obtained by mixing a protein solution at
pH 3.0 with a buffer of the same pH. Curve 3 is the equi-
librium position at pH 7 (concentration due to mixing cor-
rected), which was obtained by mixing a protein solution of
pH 7.0 with a buffer of the same pH. Curve 2 was fitted into
two exponential decays and the fitted curve is represented by
the solid curve. The amplitude for reactions faster than the
25 ms mixing time of the instrument was 15% and for re-
actions slower than 300 s was 19%. These data show that
there are at least five kinetic phases in folding, ofwhich three
that occurred between 25 ms and 300 s can be studied with
the CD stopped-flow with reasonable precision.
For unfolding from pH 7.0 to 3.1, only one kinetic phase
was time-resolved (25 ms to 300 s), as was the case with the
fluorescence detection. A typical kinetic record and the fitted
curve are shown in Fig. 3 C (curve 2), along with two ref-
erence curves (curves 1 and 3). Here 14% of the signal oc-
curred within the 25-ms deadtime of the instrument and 25%
was too slow to be resolved. In other words, there are a total
of three kinetic phases in the unfolding. A complete set of
data with the CD detection is summarized in Table 1 to be
compared with previous fluorescence kinetic results for the
same folding/unfolding transition.
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FIGURE 2 (A) pH titration of staphylococcal nuclease at 24°C, moni-
tored by the CD at 222 nm (B) and the fluorescence of Trp-140. Similar pH
titrations were done at different temperatures. The Henderson-Haselbalch
plot was constructed to extract the number of proton absorbed upon un-
folding of the protein, at different temperatures. These results are given in
the insets. In (A), the normalized CD intensity of unity is equal to the
ellipticity value of -9200'-cm2/decimol and of zero is equal to -2800°-
cm2/decimol. The number of proton absorbed upon thermal unfolding at a
given pH represents an average value.
DISCUSSION
The acid-induced unfolding of SNase is known to be highly
cooperative (Anfinsen et al., 1971; Cuatrecasas et al., 1968).
The pH titration curves (acidic unfolding) measured with
different properties of the protein, such as tryptophan fluo-
rescence, tyrosine absorption, intrinsic viscosity, molar el-
lipticity at 220 nm, chemical shifts of proton NMR, etc., all
coincided (Anfinsen et al., 1971; Cuatrecasas et al., 1968).
DSC data shown in Fig. 1 B agree with these results. In
addition, analysis ofDSC data based on the van't Hoff equa-
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TABLE 1 pH-Induced folding/unfolding of staphylococcal
nuclease
Int. Final Time Amplitude
pH pH Constant (%)
Unfolding
Trp 140 7.0 3.1 <2 ms (Tf) <5
Fluorescence 1.15 s (T2) 95
>300 s (Ts) 0
CD 7.0 3.1 <25 ms (Tf) 14
(222 nm) 6.0 s (T2') 61
>300 s (T.) 25
Folding
Trp 140 3.0 7.0 <2 ms (Tf) <5
Fluorescence 151 ms (T1) 53
856 ms (T2) 32
30 s (T3) 10
>300 s (T.) 0
CD 3.0 7.0 <25 s (Tf) 15
(222 nm) 189 ms (T1) 47
5.3 s (T21) 9
46.3 s (T3) 10
>300 s (T) 19
Fluorescence kinetic data are from the previous work of Chen, H. M., V.
S. Markin, and T. Y. Tsong. Biochemistry. 31:1483-1491 (1992). For the
assignment of kinetic constants to different relaxation times, see Panel B of
Fig. 2 in the reference.
The midrange reaction (T2 and T2') in both folding and unfolding show
considerable differences by the CD and fluorescence detections. A dash sign
is added to these relaxation times by the CD detection to indicate this fact.
The uncertainty in CD kinetics was ± 15% for the time constant and ±5%
for the amplitude.
tion shows that AHVH = AHcal. These observations taken
together suggest that, from the energetic point of view and
under equilibrium conditions, there are only two discreet
states, the native (N) and the denatured (D) states in the pH
range studied.
However, kinetics of the same acid-induced folding/
unfolding transition monitoring the Trp-140 fluorescence are
much more complex (Chen et al., 1991, 1992a,b). The un-
folding of SNase from pH 7.0 to 3.0 followed a single ex-
ponential decay process, consistent with the two state tran-
sition, but folding from pH 3.0 to 7.0 followed a triphasic
kinetics, incompatible with the two-state model. These con-
flicting results may be explained by Scheme 1.
D3 a± D2 a:± D1 4± No
SCHEME 1
In the scheme, the three Ds are substates of the denatured
protein and No is the native state. These three Ds have similar
free energies (AG between any two Ds < 0.5 kcal/mol; see
Time (sec)
FIGURE 3 Kinetics of folding (A) and (B) and unfolding (C) of staphy-
lococcal nuclease, monitored with changes of CD at 222 nm. The folding
was from pH 3.0 to pH 7.0 and the unfolding was from pH 7.0 to pH 3.1.
Each kinetic record is the average of 10 separate experiments. (A) shows
the T3 reaction in folding (5-300 s). (B) Curve 1 is the baseline at pH 3.0
and curve 3 is the baseline at pH 7.0. Curve 2 records both the Tland the
T2' reactions. (C) shows the baselines at pH 3.1 (curve 1) and pH 7.0 (curve
3), and the kinetics of unfolding (curve 2). The time resolved folding re-
action (curve 2) fits single relaxation time T2'. All the solid lines writing
across the signal are least square fits of kinetic records. For the assignment
of the relaxation times to each kinetic step, see Chen et al. (1991).
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Chen et al., 1991, 1992a,b) and enthalpies, and their exist-
ence cannot be inferred from the DSC studies. However,
these three Ds are separated by considerable activation en-
ergies (6 to 14 kcal/mol; see Chen et al., 1991, 1992a) and
are kinetically distinct. According to this scheme, during the
unfolding, only one relaxation process will be detectable for
the No to D1 step. No fluorescence signals would be available
for the subsequent steps, the D1 to D2 to D3 reactions. In the
refolding from pH 3, however, the fluorescence signal would
be more complex. Because of the small free energy differ-
ences among the three D states, all D states will be populated
at pH 3.0. Folding from D1 to No would give one relaxation
time. Folding from D2 to No would give another relaxation
if the D2 to D1 reaction is slower than the D1 to No reaction.
Likewise, folding of D3 to No would give a third relaxation
if the rate for the D3 to D2 reaction is smaller than that for
the D2 to D1 reaction. Kinetic experiments by the single-jump
and the double-jump methods all support Scheme 1 (Chen et
al., 1991, 1992a). In the subsequent kinetic experiments per-
formed inside the transition zone, i.e., pH 3 to 4, it was shown
that each of the four species in Scheme 1 is composed of
microscopic states in rapid equilibrium, which are separated
neither by large AGs nor by large activation energies (Chen
et al., 1992b).
In these analyses, only the three time-resolved kinetic
phases were considered (Chen et al., 1992b). The unresolved
reaction faster than 2 ms mixing time of the stopped-flow
instrument, which constituted only 5% of signal, was omit-
ted. To include such a rapid reaction, one would have to add
an intermediate species, I, between the D1 and the No. The
transition would no longer behave like a two-state transition
in an equilibrium measurement (for example by DSC) be-
cause the existence of an I would make the thermal unfolding
curve broader than that expected for a two state transition
(Privalov, 1979; Tsong et al., 1970). Note that Scheme 1 is
a quasi-two-state transition (Chen et al., 1991). However, if
an I is structurally similar to either No or D1. an equilibrium
transition curve would not be sensitive enough to detect the
existence of such a state. The introduction of an I state is
consistent with the observation of a rapid kinetic phase in the
CD experiment. Here the relative amplitude of the fast phase
was approximately 3 times larger than that of the fast phase
in the fluorescence experiments. One should caution that any
signal too fast to be resolved by the stopped-flow method,
may be due to the pH-dependent shift of the baselines. How-
ever, there is evidence that these signals are parts of the
chain-folding reaction (Elove et al., 1992; Kuwajima et al.,
1991a,b; Neri et al., 1992; Perry et al., 1989). Wavelength
dependence of fast unresolved signals revealed spectroscopic
properties similar to the CD spectrum of an a-helix
(Kuwajima et al., 1991a; Perry et al., 1989).
The main difference between kinetics by the CD detection
and those by the fluorescence detection is that in the former,
there is a slow reaction (much slower than 300 s) that is not
seen in the latter. This slow reaction has been labeled the
cis-trans isomerization of Proll7 in other studies (Evans et
al., 1987, 1989; Fox et al., 1986; Kuwajima et al., 1991b).
Even for the three time-resolved kinetic phases, there are
still some noticeable differences between the CD and the
fluorescence results. The midrange reaction seems to be sev-
eral times slower for the CD (T2') than for the fluorescence
(T2) in both folding and unfolding directions. Obviously,
these relaxation times have detected different reactions. Not-
withstanding, the T1 reaction, in which the peptide gains its
conformational energy (AG and AH) in folding, has similar
time constants and amplitudes by the two methods. These
results suggest that the main folding/unfolding reaction is
highly cooperative; differences were observed only for re-
actions that are energetically peripheral to the main structural
change. However, as was emphasized in our previous re-
ports, despite the small energy differences among the three
substates of the unfolded protein, the folding followed a
unique pathway. It was shown that this was so because of the
differences in the activation processes. In other words, the
pathway of folding was kinetically controlled at least in the
early stage.
Comparisons of the results in Table 1 allow us to derive
some useful information. First, the acid-induced folding/
unfolding of SNase is much more complex than Scheme 1
can explain. Beside the introduction of an I state to account
for the fast reaction (<25 ms), another slow reaction (>300
s) would have to be added (Alexandrescu et al., 1989; Evans
et al., 1987, 1989; Fox et al., 1986; Kuwajima et al., 1991b).
It is interesting, however, that this slow rearrangement or
adjustment of the protein's overall structure, which presum-
ably resulted from proline isomerization, does not alter the
hydrophobic environment of the Trp-140 significantly. Sec-
ond, the amplitudes and the time constants of the three time-
resolved kinetic phases are significantly different and these
differences cannot be attributed to experimental uncertainty.
The greatest difference is seen for the D2 to D1 transition of
Scheme 1 (with the fluorescence detection), which was in-
terpreted as the chain condensation reaction because of the
dependence of its rate on the solvent viscosity (Chen, Markin
and Tsong, to be published). This reaction was not detected
with the CD signal. Instead the CD signal measured a re-
action fivefold slower, suggesting that formation of a hy-
drophobic environment proceeds with different rate than the
accumulation of helices. Third, for the fast unresolved re-
action(s), CD has detected formation of 15% of the 22% helix
content of SNase within 25 ms. This might be interpreted as
due to formation of helix framework in folding. However, the
changes in CD amount to an equivalent of only five amino
acid residues in a 149-residue protein. Note, however, that
the acid-denatured protein retains considerable sheet-like
chain configuration, which, although has no AHcai of stabi-
lization (Chen et al., 1991, 1992a,b), may function as the
framework. Fourth, for the step that the protein acquires most
of the free energy and enthalpy of stabilization, i.e., the D1
to No transition, both detections gave identical results. This
reaction involves approximately 50% of signal and with a
Biophysical Journal44
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time constant of approximately 160 ms in both cases. One
should also mention that the stopped-flow CD has been em-
ployed to study folding of other proteins, with similar results
(Elove et al., 1992; Kuwajima et al., 1991a).
There could be many mechanisms that would be consistent
with the above observations. But, a unique mechanism would
be difficult to determine without more experimental infor-
mation and rigorous analysis. We favor a more cautious ap-
proach, to consider only signals that are time-resolved be-
tween 2 ms and 300 s. In this limited time range, only the T2
and the T2' reactions shown in Table 1 are significantly dif-
ferent for the two different detections. Apparently the two
relaxation times detected two different steps in the chain-
folding reactions, one was invisible by the tryptophan fluo-
rescence and the other had little change in helicity. These
considerations would suggest that the minimal model con-
sistent with the time-resolved signals is,
D4 ;i: D3 :¢: D2 :i: D 1 ¢: No
SCHEME 2
In Scheme 2, fluorescence signal did not see the D3 to D2
transition, and CD signal did not see the D2 to D1 transition.
The slow reaction seen by the CD (slower than 300 s) has
been assigned to the cis/trans isomerization of Proll7
(Evans et al., 1987, 1989; Fox et al., 1986; Kuwajima,
1991b). Apparently the isomerization can take place in any
ofthe five states because the amplitude of this phase was 25%
in unfolding and 19% in folding. To account for results on
the slow reaction, one would have to include a parallel se-
quence to Scheme 2, with all five species having their Prol17
in trans-form, assuming that all five specis in Scheme 2 have
their Proll7 in cis-form. Each species in the two parallel
sequences is allowed to interchange.
We thank Carol J. Gross for help with the manuscript.
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